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Thermal design & testing of steam generators 
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Uranium (nuclear fuel) 
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- Water tube (since 1881) (for high capacity & high pressure steam) 

- Municipal waste incinerators 

- Chemical recovery (for paper industry) 

- Waste heat recovery/heat recovery 

Capacity up to 4435 t/h at 543 °C and 265 bar (1300 MW power 4 
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Thermodynamic processes (Boiler, steam turbine, compressor, pump, 
nozzles etc) are governed by laws of conservation of mass and 
conservation of energy, called 1st law of thermodynamics. It states that 
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Heat can flow only from a hotter to colder body i.e. from higher 
temperature to lower temperature. 



Contd. 



where W k Work done per unit mass 
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Entropy s 


Rankine cycle with single reheat 
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Pressure loss from fluid friction in pipelines/ducts 

The pressure drop of fluids flowing through closed circuits (pipes 
and ducts) is given by following formula: 
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where p = density of fluid, lb/ft 3 (kg/m 3 ) 




» Dimension Foss 


= kinematic viscosity = ft 2 (m 2 /s) 
absolute viscosity of fluid, lb/ft h (kg/ms) 
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The pressure loss due to valves, fittings and bends in a pipeline 
based on their equivalent lengths (determined experimentally, and 
supplied by the manufacturers), or in terms of equivalent number 
of velocity heads 
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Flow over tube banks (finned tubes) 

Flow through stacks and chimneys 
Pressure drop in 2 phase (steam-winter) flow 



Physical Properties of Gases at 14.7 psi (1.01 bar)** 


Instantaneous 
Specific Heat 


Gas 

Temperature Density, 
F lb/ft 3 

Cp Cy 

Btu/lb F Btu/lb F 

k, 

Cp/c v 

Air 

70 

0.0749 

0.241 

0.172 

1.40 


200 

0.0601 

0.242 

0.173 

1.40 


500 

0.0413 

0.248 

0.180 

1.38 


1000 

0.0272 

0.265 

0.197 

1.34 

co 2 

70 

0.1148 

0.202 

0.155 

1.30 


200 

0.0922 

0.216 

0.170 

1.27 


500 

0.0634 

0.247 

0.202 

1.22 


1000 

0.0417 

0.280 

0.235 

1.19 

h 2 

70 

0.0052 

3.440 

2.440 

1.41 


200 

0.0042 

3.480 

2.490 

1.40 


500 

0.0029 

3.500 

2.515 

1.39 


1000 

0.0019 

3.540 

2.560 

1.38 

Flue gas ; 

'' 70 

0.0776 

0.253 

0.187 

1.35 


200 

0.0623 

0.255 

0.189 

1.35 


500 

0.0429 

0.265 

0.199 

1.33 


1000 

0.0282 

0.283 

0.217 

1.30 

ch 4 

70 

0.0416 

0.530 

0.406 

1.30 


200 

0.0334 

0.575 

0.451 

1.27 


500 

0.0230 

0.720 

0.596 

1.21 


1000 

0.0151 

0.960 

0.836 

1.15 


From coal; 120% total air; flue gas molecular weight 30. 
** S J conversions: T, C = 5/9 (F-32); p, kg/m 3 = 16.02 x lbm/ 
ft > c p 5 kJ/kg K = 4.187 x Btu/lbm F. 


Absolute Viscosity, Ibm/ft h 








Velocities Common in Steam Generating Systems 

Velocity 


Nature of Service 

ft/min 

m/s 

Air: 







Air heater 

1,000 

to 

5,000 

5.1 

to 

25.4 

Coal and air lines, 







pulverized coal 

3,000 

to 

4,500 

15.2 

to 

22.9 

Compressed air lines 

1,500 

to 

2,000 

7.6 

to 

10.2 

Forced draft air ducts 

1,500 

to 

3,600 

7.6 

to 

18.3 

Forced draft air ducts, 







entrance to burners 

1,500 

to 

2,000 

7.6 

to 

10.2 

Ventilating ducts 

1,000 

to 

3,000 

5.1 

to 

15.2 

Crude oil lines [6 to 30 







in. (152 to 762 mm)] 

60 

to 

3,600 

0.3 

to 

1.8 

Flue gas 







Air heater 

1,000 

to 

5,000 

5.1 

to 

25.4 

Boiler gas passes 

3,000 

to 

6,000 

15.2 

to 

30.5 

Induced draft flues 







and breaching 

2,000 

to 

3,500 

10.2 

to 

17.8 

Stacks and chimneys 

2,000 

to 

5,000 

10.2 

to 

25.4 

Natural gas lines (large 







interstate) 

1,000 

to 

1,500 

5.1 

to 

7.6 


Steam: 

Steam lines 

High, pressure 8,000 to 12,000 40.6 to 61.0 

Low pressure 12,000 to 15,000 61.0 to 76.2 

Vacuum 20,000 to 40,000 101.6 to 203.2 

Superheater tubes 2,000 to 5,000 10.2 to 25.4 

Water: 

Boiler circulation 70 to 700 0.4 to 3.6 

Economizer tubes 150 to 300 0.8 to 1.5 

Pressurized water re¬ 
actors 

Fuel assembly channels 400 to 1,300 
Reactor coolant piping 2,400 to 3,600 
Water lines, general 500 to 750 


2.0 to 6.6 
12.2 to 18.3 
2.5 to 3.8 




Relationship Between Various Units of Viscosity 

Part A: Absolute (or Dynamic) Viscosity, j 1 


Pa s 

N s kg 

Centipoise 

O.Olg 

lbm 

lbm 

lbf s 

til 2 m s 

cm s 

ft s 

ft h 

ft 2 

1.0 

1,000 

672 x 10- 3 

2420 

20.9 x 10' 3 

0.001 

1.0 

672 x 10 -6 

2.42 

20.9 x 10 -6 

1.49 

1488 

1.0 

3600 

0.0311 

413 x 10' 6 

0.413 

278 x lO" 6 

1.0 

8.6 x 10 -6 

47.90 

47,900 

32.2 

115,900 

1.0 


Part B: Kinematic Viscosity, u = ji/p 



Centistoke 



9 

m 

0.01 cm 2 

ft 2 

ft 2 

s 

s 

s 

h 

1.0 

io - 6 

92.9 X 10" 3 
25.8 X 10-* 

10 6 

1.0 

92,900 

25.8 

10.8 

10.8 x 10' 6 
1.0 

278 X 10‘ 6 

38,800 

0.0389 

3,600 

1.0 


Resistance to Flow of Fluids Through 
Commercial Fittings* 

Fitting Loss in Velocity Heads 

L-shaped, 90 deg (1.57 rad) 
standard sweep elbow 

0.3 to 0.7 

L-shaped, 90 deg (1.57 rad) 
long sweep elbow 

0.2 to 0.5 

T-shaped, flow through run 

0.15 to 0.5 

T-shaped, flow through 90 deg (1.57 
rad)branch 

0.6 to 1.6 

Return bend, close 

0.6 to 1.7 

Gate valve, open 

0.1 to 0.2 

Check valve, open 

2.0 to 10.0 

Globe valve, open 

5.0 to 16.0 

Angle valve, 90 deg (1.57 rad) open 

3.0 to 7.0 

Boiler nonreturn valve, open 

1.0 to 3.0 

* See Fig. 9 for loss in velocity heads for flow of fluids 

through pipe bends. 





T = Temperature, F (C) 

Absolute viscosities of some common gases at atmospheric pressure. 


Steam 40 / Fluid Dynamics 
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Applicable only for external surface of boiler 
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V - fluid velocity, m/s; p = fluid density, kg/m 3 
|x = absolute viscosity, kg/m(s) 

Pr = Prandtl number (dimensionless) 
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Radiation heat transfer 
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A = Surface area of body 
T= Absolute temperature of emitter 

For other than black bodies 
q = o- E A (T 4 ) 

where E is the emiggivitv of the bod: 



If we consider two parallel planes of black bodies, then heat 
transfer by radiation from the hot plane (T, °K) to other plane 
(T 2 , °K) is given by the formula 
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4 _ Tube Spacing Transverse to Gas Flow 
Do Outside Tube Diameter 


j H r ^ r *?,hi em ? + nt factor ’ F a > as affected by Reynolds number for vari¬ 
ous in-line tube patterns, crossflow gas or air. 




















Absolute Viscosity, Ibm/ft h (cP or mPa s; 
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T = Temperature, F (C) 

- Absolute viscosity of saturated and superheated steam. 
















Fuels and the combustion stochiometry 
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The combustion process 
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Steam 40 / Principles of Combustion 



Air properties 

Average molecular wt = 29 
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Boiler efficiency 

Output energy (in the form of steam) 

Innut energy fin the form of fuel) 
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hardly any difference in the three standards. 



Typical Excess Air Requirements 
at Fuel Burning Equipment 

Type of Furnace Excess Air 

Fuel or Burners % by wt 


Pulverized coal 

Completely water-cooled 
furnace — wet or dry 
ash removal 

15 to 20 


Partially water-cooled 

15 to 40 


furnace 


Crushed coal 

Cyclone furnace — pres¬ 

13 to 20 


sure or suction 
Fluidized-bed combustion 

15 to 20 

Coal 

Spreader stoker 

25 to 35 


Water-cooled vibrating 

25 to 35 


grate stoker 

Chain grate and traveling 

25 to 35 


grate 

Underfeed stoker 

25 to 40 

Fuel oil 

Register type burners 

3 to 15 

Natural, coke 

Register type burners 

3 to 15 

oven and 
refinery gas 



Blast furnace 

Register type burners 

15 to 30 

gas 

Wood/bark 

Traveling grate, water- 

20 to 25 


cooled vibrating grate 
Fluidized-bed combustion 

5 to 15 

Refuse-derived 

Completely water-cooled 

40 to 60 

fuels (RDF) 

furnace — traveling 



grate 


Municipal solid 

Water-cooled/refractory 

80 to 100 

waste (MSW) 

covered furnace recipro¬ 
cating grate 

Rotary kiln 

60 to 100 

Bagasse 

All furnaces 

25 to 35 

Black liquor 

Recovery furnaces for 
Kraft and soda pulping 
processes 

15 to 20 
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Application of steam 

- Process heating 

- Power generation 

- Process heating + Power generation 
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(Not Shown: Reheater, Ash and Reagent Handling and Sludge Disposal) 
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Large industrial power boiler with multiple fuel capability. 
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(see figure attached) 

The size (design) of each section also varies with the fuel fired 
(solid/liquid/gas) 

Fuel handling, its preparation and feeding to boiler is also 

different for different types of fuels. 
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Simple circulation systems. 
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Flue gas then passes through superheaters, reheaters and 
economisers before leaving the steam generator enclosure 
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Two drum Stirling' boiler for spreader-stoker firing. 

























































B. Atmospheric Fluidised Bed Combustion (AFBC) 
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Typical bubbling fiuidized-bed boiler schematic. 
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Comparison of under-bed and over-bed coal feed. 

Steam 40 / Atmospheric Pressure Fluidized-Bed Boilers 



c. Circulating Fluidised Bed Combustion (CFBC) 

Concept (refer figures enclosed) 
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Typical circulating-bed boiler schematic. 
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Steam 40 / Coal Pulverization 
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moistra) = Loss due to moisture in air 

RC = Loss due to radiation and convection 

, co = Loss due to unbumt CO in the flue gas 

, h = Loss due to sensible heat of residues (bottom ash & fly ash) 



Loss due to combustibles (residues) — Lcomb 
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Case B : For gaseous fuels 

Heat loss due to moisture in flue gas/kg of fuel 
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Heat Loss Rate, Btu/h i\ 2 (W/m 2 ) 



Temperature Difference, Surface to Air, F (C) 

Heat loss from wall surfaces (radiation + convection). (Source — 
ASTM Standards , Part 13, 1969.; 



. of Cooled Furnace Walls 
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Heat recovery for improving energy efficiency/economy 
Heat recovery for exhausts of 

- Gas turbines 

- Industrial fumaces/processes (e.g. steel, metal, refinery, petrochemicals, glass, 
food processing etc) 
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Combined cycles today can achieve efficiency around 60% 

Cogeneration: Steam from HRSG used for processes. Efficiency^ 
approach 80% 
























Sample Cycle Efficiencies and Heat Rates 




0 

go 

& 


ns 


0 m 

is <8 

8 o 

0 *~ 


*0 

0 

8 

o 


£ 


CO 0 
C 

ft -O 


"O 

a 5 

f s 

j § 

•o g 

«c *-* 

&& w 
ar «> 
o -3 

^ - 

s0 CD 

0 


, w 

ft* 

& 

I 

CO 

ft 

CjjO 

ft 


CO s9 
CO 

O 0 

do ft 
ft ft 
ft o 
o to q 

S|go' 

Cl ^ 5 •.** 
eft 


"o 

§ 

©• 

I 


2? 

S 

CO 

§ 

ft, 

£ 

ft 

0 

*q 

ft 

CO 
ft 
• ^ 

s 

3 

£ 3 
ft ft, 

•■“' ft- 

3 : 


£ 


is 

§•15 

•5 8 § 

CO -3 -J3 

O 3 (8 

- 3 ’s t: 

pt § o 

§ f & 
§ s § 

° J> & 

ft ^ C^, 

-ft S of 


ft 

o 
• *-* 
l-—, 

£< 

& 

ft 


■ O o ® 0 
0 >: rn co <jo 
JD ^ 0 ft 

q 0 * 3 ^ 

» g’Ss 

JWjd * 

ill 

x •* £ 

-C'-o 

gf « £ 

D e "—i 

£ f. f g §<* §< 

- b e S »,s | 

§§ «CJ §£-a^ & 1 ? § 

«j> &J5 £ •£ 3 05 $ O ■$ w £ 
Q CO ji Q, i 2 K £5 f O CO g .^ •!-< 


ft 

<£ 

*0 

0 

.5 


o 

• c\ 

ft 

.do 
•»-, 
co 
0 
"0 
<■—, 
ft 

o 

•*», 

■Eg 
■+—> 
CO 


&-§ 3 £ 

3 3 0 ^ 

£ - 3? • 

q ft ft. 

q -ft c? ft q 

ft ^ -ft 

0 S? 0 


ft 

o o 
-ft KJ 

CO ft* 

§•£ 

■6J 

0 ft 

£ 3 


.&o 
• »•* 
CO 
0 
*0 
ft 

o 


<ft 

09 

§ 


2? 

af 

co 


£ g 
s & 

co o 
ft 2? 

5 "° 


0 


ff 

0 

q 

§ 


ft 

c? 

co 

I 

co 


O V ft p 
w ft ft . ^ 

C^ ft ft ° 

o 


co S' 

g *s 
I § 

I I 

S’ 0 

ft 09 

+-> Oj 
^ 60 

f £ i 
§ .0 

ft *0 
ft ft 

S q 

S s 

o ft 

C0 ft 

ft .0 


O 

o 

0 


2 

o 

ft 


«« f 


,o y co s .« •£ 3-^2 

• ^ 3 fx I I 


CD +-> 
fti 0 

g 5 
* 2 

o 8 & 
cau 

•ft ^ 03 

^ co oo 


^ e " q ^c? 


/ / 



Combustion Steam » 

Supplemental Chamber iu-.- /Drum Stac 
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Intermediate 50 to 400 psig (3.4 to 28 bar gauge) 

Low 15 to 50 psig (1.03 to 3.4 bar gauge) 

Steam temperature up to 1005F (541C) 

Supplemental fuels #2 oil, natural gas 
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Heat Recovery Fraction, % 
Temperature profile in single pressure HRSG. 



Minimum feedwater temperature is set based on the dew point of 
the gas, to avoid corrosion. If S is present in the fuel, feedwater 



cn 




<o 

> 

’T-4 

bO 


p 

<D 

S-h 

eg 

co 

• rH 

b 

CZD 

"O 

P 


Vh 

<g 

« 


c<3 

co 

O 

CO 

aj 

bQ 

<D 

•4-» 

CO 

P 

£ 

C+H 

O 

<L> 


<D 


Ctf 

$-i 

Q 


JD 

P 

+-> 

nd 

<D 

CO 

O 

i—t 

O 

P 

<D 


Ph o 

B *$ 

£ a 




Temperature of Waste Heat Gases 

Temperature 

Source of Gas F C 

Ammonia oxidation process 

1350 to 1475 

732 to 802 

Annealing furnace 

1100 to 2000 

593 to 1093 

Cement kiln (dry process) 

1150 to 1500 

621 to 816 

Cement kiln (wet process) 

800 to 1100 

427 to 593 

Copper reverberatory 
furnace 

2000 to 2500 

1093 to 1371 

Diesel engine exhaust 

1000 to 1200 

538 to 649 

Forge and billet heating 
furnaces 

1700 to 2200 

927 to 1204 

Open hearth steel furnace, 
air blown 

1000 to 1300 

538 to 704 

Open hearth steel furnace, 
oxygen blown 

1300 to 2100 

704 to 1149 

Basic oxygen furnace 

3000 to 3500 

1649 to 1927 

Petroleum refinery 

1000 to 1400 

538 to 760 

Sulfur ore processing 

1600 to 1900 

871 to 1038 
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Approximate surface required in convection tube bank and vesti¬ 
bule for various entering and leaving waste gas temperatures. 










Minimum Metal Temperature, F (C) 










Energy efficiency testing of HRSG 


Point A Point B Point C 

Filial fT) / 



Fuel ® 


Data required 

■ Fuel 1 composition (wt% C, H, N, S, O) 

■ HCV of Fuel 1 (kCal/kg) 

■ Feed rate of Fuel 1 (kg/h) 

■ Feed temperature of Fuel 1 (°C) 

■ Specific heat of fuel 1 (kCal/kg°C) 

■ Composition of Flue ® (Vol%, CO2, O2, SO2, N2) 

■ Temperature of Flue © (°C) 

■ Composition of Fuel © (wt% of C, H , N, S, O) 

■ HCV of Fuel © (kCal/kg) 

■ Feed temperature of Fuel © (°C) 

■ Specific heat Fuel © (kCal/kg°C) 

■ Composition of Flue © (Vol% C 02 , 02, SO 2 , N 2 ) 

■ Temperature of Flue © (°C) 

HRSG steam parameters (p, temperature, flow rate) 
Ambient temperature 
Wet Bulb temp/RH 





Losses for HRSG (expressed as % of heat input) 

■ Dry flue gas loss 

■ Loss due to moisture in Flue @ /(Inlet air) 

■ Loss due to hydrogen in Fuel © & Fuel © 

■ Radiation loss 

HRSG efficiency = 100 - (sum of above losses) 

Methodology 

- Stoichiometric (carbon) balance between Point A & Point B 
to calculate 

- Rate of Flue 1 (mi, kg/h) 

- Heat in the flue 1 [qi =mi x C P x Temperature of Flue 1] 

- Heat input to HRSG [qi + (Feed rate of fuel 2 x C p of fuel 
x temp of fuel] 

- Amount of air fed to GT 

- Amount of moisture in air to GT & thus heat losses due t 
moisture in Flue 2 

- Stoichiometric (nitrogen) balance Point B & Point C, to 
calculate 

- Rate dry flue (dry) 

- Heat in flue © 

- Rate of fuel © feed raten 

- Hydrogen from fuels ©& © and thus losses due to 
hydrogen 




